Abstract-5pace communications and tracking systems impose stringent requirements on stable frequency sources. "Flicker" (I/f) noise and environmental modulation are two types of oscillator in stability affecting typical space systems performance. Examples of several systems are presented with the source requirements for each.
Earth satellite systems impose stability requirements of the order of lO-IO over periods of seconds to hours depending on the individual experiment. A typical system requires phase noise of less than 5° rms in a receiver of 12 Hz bandwidth at S-band. An example is presented of a spacecraft transponder which must maintain phase noise below 450 peak-to-peak under vibration of 3g peak from 10 Hz to 10 KHz. system stability requirements and measurements in ways which are discussed in this paper for some specific missions. \Vhile many factors not related to frequency stability affect space program objectives, only the total error budget assigned to the system stable sources is considered here.
REQUENCY

I. INTRODUCTION
Orbit determination is important for all types of spacecraft. Varying accuracies are specified depending on the individual mission; for example, a navigation satellite would require extremely precise knowledge of the satellite's position as a function of time, but data may be taken over a long period of time to obtain the required precision, thus implying long-term stability of the ground station frequency source.
Determination of orbit parameters for deep space probes requires precise knowledge obtained as soon as possible so as to be able to perform midcourse correc tions early in the mission, thus saving motor energy.
This requirement implies good short-and medium-term stability of the primary frequency source.
The extreme ranges involved in deep space communi cations necessitate the use of very narrow band receiv ers to keep the signal-to-noise ratios high. Phase-lock loop receivers are used to obtain these narrow band- Oi(S) = phase of input signal 7 2 = R2C in the loop filter of Fig 
The closed loop response of the receiver is then:
This response is shown in Fig. 2 .
The phase tracking error is measured at the output of the phase detector of Fig. 1 . The response of the loop as measured to this point is given by The receiver threshold (the lowest signal power at which it can track a signal) is the point at which the total tracking error reaches 1 rad rms.
The phase tracking error of such a receiver is com posed of three parts: 1) phase noise caused by additive white noise (thermal noise) at the receiver input, 2) errors due to the rate of change of input frequency ("range-rate" errors), and 3) phase noise due to oscil lators. The first of these is determined by the signal power, the system noise temperature, and the system bandwidth; the second can be shown to be phase error =Ee=9K/8EN 2 , where the frequency is changing at the rate of K Hz/s.
The third component due to oscillator noise is given by where Se(w) is the phase spectral "power" density of the oscillator in rad2/rad/s.
Since the sum of the foregoing components of track ing error must be less than 1 rad 2 to maintain phase lock, 
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it is important that the oscillator noise be as small a part of the total as possible to obtain the best system per formance. Typical system specifications call for tracking error due to oscillator noise alone to be less than 0.1 rad rms at the design bandwidth. For the range of band widths normally used for deep space tracking (1 Hz <EN < 100 Hz), the "flicker" frequency modulation component of noise predominates as is readily seen if one substitutes C1 S,;,(w)
where C1 is a constant depending upon the quality of the oscilla tor.
From (4), (6) , and (8): Further improvement in system performance will soon require narrower loop bandwidths and, thus, much lower flicker noise in the main oscillators in order to keep the tracking error due to the frequency generating devices a small portion of the receiver noise. The phase error is referred to the S-band transmit and receive frequencies. System tests are performed with the complete transmitter and receiver mounted on the vibration table. However, the transmitter and receiver utilize modular construction and it is found in all cases that the phase jitter at S-band is due entirely to the jitter originating in the oscillator modules, multiplied by the appropriate multiplication ratio.
B. Vibration 11;[ odulation
Detailed testing is performed on these modules, at 19 Several types of commercially available rugged mount crystals \"ere hard mounted and tested for phase jitter.
Although the resonant frequency of these mounts is higher than nonrugged types, they are found to exhibit large phase jitter when vibrated at resonance. Although not much data is available on the subject, the aging rate and temperature behavior of these rugged mounts are reported to be' inferior to that of the standard mount.
A type of crystal ,,"hich is very promising for this application is the ribbon supported, transistor header mounted crystal, which was developed by Bell Tele phone Laboratories, Inc. [31] . This crystal is now be coming available from a number of crystal manufactur ers. These crystals are mounted on t,,"O or three nickel ribbons 1 to 3 mils thick. A sketch of a typical unit is sho\\"n in Fig. 6 . Because of the mounting method, the length of the supporting ri bbons can be made very short, resulting in a very stiff structure. 
C. Orbit Determination
The orbit determination of space vehicles used for Several typical system examples are described below.
1)
An example of a noncooperative system is a satel lite transmitting a frequency controlled by an internal ultra-stable oscillator. Doppler shift of the frequency received from the satellite as it passes the receiving sta tions is measured and processed to obtain range rate.
Range is obtained by integrating range ratc. Angles are obtained via range data simultaneously obtained from three or more receiving stations.
Oscillators ,,"ith the ruggedness and power and weight economy required for spacecraft have not been available with sufTlcient stability to meet many tracking require ments. Therefore, systems have been devised which minimize requirements of the oscillator in the space craft.
2) Transit [9] , a ::\avy navigation satellite, is an ex ample of a system design which minimizes spacecraft oscillator stability requirements. The necessary short term stability is reduced by making many observations during a pass, and the long-term oscillator drift is cor rected using information obtained by the tracking sta tions.
Transit provides ship navigation information by the use of one-way Doppler. The satellite has aboard an oscillator \\"hich has good short-term stability and a memory unit which contains information on the ephemeris of the satellite. Transit is tracked by a sys tem of ground stations \\"hich measure the Doppler shift of the radio signals transmitted by the satellite. This information is utilized to compute a ne\," ephemeris and update the satellite memory unit. Correction for long term oscillator drift is made periodically by ground sta tion transmissions to the satellite.
"l.. ship provided \"ith a receiver and a computer to process Transit transmissions can achieve navigational accuracies of one-half nautical mile. An oscillator in the satellite having a stability of 10-8 per hour contributes an error of 0.23 nautical miles to the system error budget.
3) The � ASA/Goddard Range and Range Rate Sys tem [10] is an example of a cooperative ground station, nonphase-Iocked space satellite tracking system capable of measuring range, range rate, and direction to a satel lite from a single station or as many as three separate accurately surveyed ground stations simultaneously, for accurate trilateration. As a result, the satellite trans ponder is a three-channel unit capable of responding to three ground stations simultaneously. The signal pro cessing techniques employed permit the utilization of a simple, compact satellite transponder weighing less than 10 pounds and radiating only one \yatt of power.
Range is determined by measuring the round-trip travel time of an electromagnetic wave between space craft and ground station. This is done by measuring the phase of the wave returned to the ground station. The carrier is modulated ,,"ith a number of frequencies to enable resolution of ambiguities which would arise if a single modulation frequency ,,"ere used. :\1 easurement of phase is, in principle, a time measurement. The sys tem master oscillator is the "yardstick" by ,,"hich range is determined. Error in range due to oscillator calibra tion error is the product of range by the fractional devia tion of the oscillator frequency from true value during the measurement. Range Error = (Range) (Oscillator "'\ccuracy + Oscillator Stability) Accuracy is the maximum fractional deviation of the actual frequency from the true frequency referenced to the lTnited States Frequency Standard.
As an example, a range error contribution from an oscillator having an accuracy of 10-8 and a stability of 2 X 10-8 during the measurement period ,,"ill be a maxi mum of:
Range Error = (Rnnge)(lO-S + 2 X 10-8) (11) or three meters in 100 000 kilometers. I n practice, much better oscillator stabilities and accuracies than this are used. Range rate, or satellite velocity relative to the track ing site, is determined by measuring received Doppler cycles per unit of time representing the average velocity over the measuring interval. To determine Doppler fre quency, coherence of the transmission is maintained through the transponder after ,,"hich it is compared against a coherent sample of the transmitter frequency in the ground receiver. In this arrangement, the range and range-rate errors contributed by the spacecraft oscillator are replaced by tracking errors of the phase locked loop as explained above.
4) The range-rate errors in a Doppler (2-\\'ay) trans ponder system arise from random noise, quantization error, velocity of propagation errors, phase-lock loop tracking error, oscillator noise, etc. The contribution of oscilla tor noise to range-rate error has been calculated by Develet [1 1] , ,,"ho assumed a white noise spectrum .. l.. rearrangement of Develet's equation yields the oscillator stability requirements in terms of Doppler cycle count ing time, propagation time, and allowable range-rate error.
where 5= oscillator stability for period T,S=!:lflj c = velocity of propagation T = propagation time, round-trip T=cycle counting period R = range, and !:lR = range-rate error due to oscillator noise.
Consider no\\" the oscillator requirements for such a transponder range-rate system ,,"here a frequency is generated, transmitted, coherently transponded, re ceived, detected against the transmitted signal to yield the Doppler frequency, and the Doppler frequency measured by counting cycles for a knO\\"n time interval.
A correction in orbit of one mile in one orbital cycle requires a velocity increment of 0.2 1 meter per second [12 J. Therefore, a typical design objective is a range rate accuracy of 0.1 m/s. The transmitter is located on the ground, subject to a gentle environment, and it is reasonable to design it so that its contribution to error is small compared with contributions from other sources. Therefore, assign the transmitter master oscillator 10 percent of the total error budget or 0.01 m/s.
Since the oscillator contribution to range-rate error is a function of range (transit time) and cycle counting period, the required stability is dependent upon the spacecraft mission (orbit). The oscillator stability which will produce a 0. 01 m/s range-rate error, assuming white noise, has been calculated using (12) 
